ABSTRACT: Predators can exert strong controls on community structure through both consumptive and non-consumptive effects. When one of these impacts on diversity is large, such predators have been labeled keystone predators and keystone intimidators respectively. Here we demonstrate that some predators play both roles simultaneously. We studied the species for which the term keystone predator was originally coined, the ochre sea star Pisaster ochraceus. We observed non-consumptive effects that were not mediated through its well-known invertebrate prey, the competitive dominant mussel Mytilus californianus, but instead through whelks Nucella emarginata, another important intertidal predator. Whelks exposed to effluent from stars in the laboratory consumed significantly less, grew significantly less, and developed less reproductive and digestive tissue. Star presence also altered the feeding preferences of whelks. Results suggest these responses are non-linear with respect to the number of predators and thus predator presence may be a larger determinant of non-consumptive effects than density. A second experiment found, in agreement with previous field surveys, that these large non-consumptive effects occurred even though whelk mortality due to consumption by stars is extremely low. These results offer a new mechanism to explain previous field experiments that found whelks have little impact on mussel mortality in the presence of stars yet large effects when stars are absent. They demonstrate the potential for non-consumptive effects to play a major role in community regulation by a keystone predator. They also demonstrate that non-consumptive interactions may have large effects on species even when rates of consumptive mortality are exceedingly low.
INTRODUCTION
A large body of ecological theories has focused on the ability of predators to regulate prey populations and influence overall community diversity. Although theories have traditionally highlighted the effects of predators due to consumption (Hairston et al. 1960 , Paine 1966 , Holt et al. 1994 , potential prey may also respond to the presence of a predator by altering their morphology, behavior, physiology, or life history strategies (Relyea 2001 , Werner & Peacor 2003 , Miner et al. 2005 , Freeman 2007 , Peckarsky et al. 2008a , Sheriff et al. 2009 ). These non-consumptive effects, which have also been described as effects of fear (Trussell et al. 2006 ) and intimidation (Preisser et al. 2005) , predator avoidance effects (Alexander & Covich 1991) , non-lethal effects (Lima 1998) , and trait-mediated interactions (Abrams 2007) , may be ubiquitous and have major impacts on prey species and communities (Trussell et al. 2003 , Preisser et al. 2005 . However, studies commonly compare the relative effects of non-consumptive and consumptive interactions and thus focus on the importance of nonconsumptive effects among species that commonly consume each other (Trussell et al. 2003 , Preisser et al. 2005 . Less attention has been given to the potential impacts of non-consumptive interactions among predators and rarely consumed prey, or to the potential for predators to simultaneously influence multiple prey species through both consumptive and nonconsumptive effects.
Non-consumptive interactions may occur largely in the absence of consumptive interactions in communities where prey possess costly anti-predator adaptations that substantially reduce their risk of consumption but also reduce prey performance . For example, parasitic phorid flies have been shown to reduce foraging behavior by more than 50% in potential ant hosts despite an observed infection level of 3% (Morrison 1999) . Predominantly nonconsumptive interactions may also be common in communities where predators encounter a variety of prey that differ in density, handling time, or predator preference ranking, or in communities where prey respond to non-specific alarm cues and thus overestimate predation risk . Predators can also alter population dynamics in rarely consumed species through the 'remote effect' ) by driving changes in prey movement or migration. Importantly, traditional methods used to study predator-prey interactions (e.g. gut content, isotope analysis) may miss these interactions, and non-consumptive interactions are often not considered in ecological theory .
Ironically, our motivation for considering predominantly non-consumptive interactions comes from previous studies on the species that originally motivated the concept of a keystone predator (Paine 1969) . By consuming the competitive dominant space occupier, ochre sea stars Pisaster ochraceus prevent a single species from monopolizing available space and increase overall community diversity. However, stars may also influence other intertidal species. Previous field studies on the Oregon coast have noted that although whelks Nucella canaliculata and N. emarginata (and likely N. ostrina; see Marko et al. 2003) may fill the role of top predator in the absence of sea stars, they do not impact mussel mortality in the presence of stars (Navarrete & Menge 1996) . Subsequent studies have suggested that competition among whelks and stars, and not intraguild predation, may lead to the observed change in whelk impact on mussel mortality (Navarrete et al. 2000) . However, the number of mussels typically observed in natural communities suggests predators are likely not food-limited. The possibility exists that although stars rarely consume whelks (Sanford 1999) , they may impact whelk consumption through nonconsumptive interactions. Supporting this assertion, studies have also shown that the presence of ochre sea stars and other star species elicit behavioral and morphological responses in multiple intertidal species (Margolin 1964 , Phillips 1978 , Bryan et al. 1997 , Sanford 1999 , Freeman 2007 , Bourdeau 2009a . Nonconsumptive effects have previously been found to play a key role in other intertidal communities (Trussell & Smith 2000 , Trussell et al. 2004 . Stars may therefore act simultaneously as keystone consumers and keystone intimidators through their effects on mussels and whelks, respectively (Pe ckars ky et al. 2008a). To explore the role non-consumptive effects may play in community regulation by keystone stars, we evaluated how the presence of sea stars Pisaster ochraceus impacted growth, feeding, and development of reproductive tissue in whelks Nucella emarginata.
MATERIALS AND METHODS
In the fall of 2009, sea stars, whelks, and mussels were collected from sites around the University of California, Santa Barbara. Whelk and mussel species used in this study (Nucella emarginata and Mytilus californianus) are California congeners for species used in previous Oregon field studies and have similar functional roles in intertidal communities. Specimens were used in a 8 wk growth study to determine if star presence altered whelk growth, feeding rates, and reproductive tissue mass. Following this initial experiment, the impact of prior star exposure on the ability of whelks to avoid consumption by stars was investigated using a subset of whelks from the first experiment.
To determine the impact of star presence on whelk feeding, growth, and reproductive tissue mass, 120 mussels (30 each from 4 size classes: <15, 15−30, 30−45 and 45−60 mm) and 20 whelks were placed in 1.5 l containers set in a sea water table. Whelk densities were chosen to replicate those observed in surrounding areas (J. S. Gosnell pers. obs.). The design also simulated natural whelk habitat: whelks normally aggregate in and among mussel beds which may vary in thickness but normally contain larger mussels with newer recruits in and among them. Drainage holes placed approximately 10 cm from the top of the containers allowed outflow while preventing water from mixing between treatments (Freeman 2007). Water entering these containers first flowed through a separate container containing 0, 1, or 2 stars (n = 4 replicates for each treatment). Since previous experiments suggested whelk growth could be observed over a period of several months, the experiment was monitored for 56 d (Sanford 2002 , Bourdeau 2009b . Fresh filtered seawater continuously entered the predator compartment and flowed into the container containing the whelks and mussels. A separate control treatment containing no stars or whelks was used to measure mussel mortality due to experimental set-up. Four whelks were added to the star containers every 2 wk to serve as a food source and to standardize the impact of any chemical cues released by the whelks (Relyea 2003) .
Whelk consumption of mussels was measured by counting the number of dead mussels found in each container at the conclusion of the experiment. In order to determine whelk growth, whelks were individually numbered at the beginning of the experiment using acrylic paint pens; markings were subsequently sealed with acrylic adhesive (Freeman 2007) . The outer margin of each whelk shell was also marked. Mass and total shell length (from siphonal canal to shell apex) were measured at the beginning and end of the experiment. Length was measured to the nearest 0.001 cm and mass was measured to the nearest 0.001 g. Linear shell growth, or the distance from the original to the new shell margin, was also measured to the nearest 0.001 cm at the end of the experiment (Bourdeau 2009b).
In order to determine the impact of exposure to stars on whelk digestive and reproductive tissue, a subset of whelks from each treatment were dissected (n = 26 for 0 and 1 star treatment, n = 22 for 2 star treatment). Since the gonad and digestive tissues proved difficult to separate, the conjoined stomach and reproductive tissue complex was removed and weighed (Hechinger et al. 2008) . To assess the relative production of each tissue, a 100-point grid was randomly overlaid on a digital image of the combined tissue compressed between 2 glass slides using ImageJ image processing software, (Abramoff et al. 2004) . Tissue identity (gonad or digestive) was assessed at each grid point.
To determine how the consumption of whelks by stars changed with star density and if previous exposure to stars impacted whelk's ability to avoid predation, a second experiment was conducted using the remaining whelks from the growth experiment. Ten marked whelks from a single treatment group in the first experiment (0, 1, or 2 stars) were placed in tanks containing 1 or 2 newly collected stars and sufficient mussel cover to simulate natural habitat (mussel layers were approximately 5 cm thick). Trial size was limited due to the number of whelks available from the previous experiment: 3 trials were carried out with each treatment group being exposed to 1 star, and 2 trials were carried out with each treatment group being exposed to 2 stars. Consumption by stars was measured as whelk mortality after 2 d.
All data were analyzed using R version 2.12 (R Development Core Team 2010). To account for possible similarities in whelks housed in the same container, containers were considered a random factor in all analyses stemming from the first experiment (whelk feeding, growth measures, and tissue production and allocation) using the lme4 package (Bourdeau 2009b , Bates et al. 2011 . Since the final states of mussels (dead or alive) and the number of grid points found on digestive and reproductive tissue are binomial data, the impacts of predator density and mussel size on whelk feeding and tissue allocation were analyzed using a mixed-effects generalized linear regression model. The impacts of predator presence on whelk growth (calculated as the sum of changes in length and mass and linear shell growth) and tissue (the total mass of gonad and reproductive tissues) measurements were analyzed using linear mixedeffects models; heterogeneity among treatment groups was considered using Levene's test and logarithmic transformations of data were carried out if significant differences were found. Impact of fixed factors was compared using likelihood ratio tests conducted on models fit using maximum likelihood (Crawley 2007 , Zuur 2009 ). When significant differences were detected among treatments, orthogonal contrasts were used to compare the impact of sea star presence (comparing treatments with and without sea stars) and sea star density (comparing only treatments that contained sea stars) using the multcomp package in R (Hothorn et al. 2008) . Data from the predation trials were analyzed using a generalized linear regression model to determine if star density or previous exposure to stars impacted whelk mortality.
RESULTS
Whelks housed in the presence of sea stars exhibited greatly reduced feeding, growth, and tissue development, but increasing the density of stars had only marginal or insignificant effects on whelk traits (Fig. 1) . Both star presence and mussel size impacted the consumption of mussels by whelks. Analysis revealed a marginally significant interaction (χ 2 6 = 10.90, p = 0.09) between predator treatment and mussel size. This suggests that the size and number of mussels consumed by whelks differed based on predator treatment (Fig. 2) . To investigate this interaction, whelk feeding was analyzed separately for each predator treatment. Mussel size was highly significant in predicting mussel mortality when whelks were not exposed to effluent from stars (χ 2 3 = 30.06, p < 0.001). However, mussel size only marginally impacted mortality when whelks were exposed to star effluent (for 1 star treatment: χ 2 3 = 7.40, p = 0.06; for 2 star treatment: χ 2 3 = 6.47, p = 0.09). In general, the presence of stars decreased preferential feeding by whelks based on mussel size, with whelks demonstrating less prey selectivity. All replicates had remaining live mussels, suggesting whelk growth was not food limited.
Significant differences were found for all growth and tissue development measures based on predator treatments (Table 1 ). Orthogonal contrasts revealed that although star presence had highly significant negative impacts on all measured traits (p < 0.01 in all cases), increasing the density of stars had marginal effect on changes in length and mass (p = 0.049 and p = 0.09, respectively) and no effect on shell and tissue growth (p >> 0.10). In the absence of stars, growth in mass, overall length, and new shell length were 2.91 (0.39 vs. 0.13 g), 3.92 (0.87 vs. 0.22 mm), and 10.45 (2.14 vs. 0.21 mm) times higher on average than in treatments with stars. Whelks in the presence of stars had 0.076 g less reproductive and digestive tissue and 2.6% less of their mass in these tissues. If only tissue mass was considered (excluding the mass of the shell), whelks in the presence of stars had 5% less of their total tissue mass in digestive and reproductive tissue. Predator treatment, however, did not impact relative production of these tissues (analyzed as number of grid points for each tissue type, χ 2 2 = 1.2959, p = 0.52).
In the experiment examining star consumption of whelks, only 1 whelk was consumed out of a total of 150 whelks that could have been consumed. Therefore, neither the number of stars nor previous exposure to stars had a significant impact on whelk mortality (number of stars: p = 0.17, χ 1 . Effects of the presence of the ochre sea star Pisaster ochraceus on growth of whelks Nucella emarginata and predation by whelks on mussels Mytilus californianus. In the experiment, 20 whelks were held in tanks with mussels and 0, 1 or 2 sea stars. A control tank contained only mussels. Error bars represent 95% confidence intervals noted to consume mussels throughout the experiment, suggesting hunger and feeding activity were common in the trials.
DISCUSSION
This study was motivated by extensive prior field studies showing that whelks have strong effects on their mussel prey only when the keystone predatory sea star Pisaster ochraceus was absent (Navarrete & Menge 1996) . Our findings suggest that reduced whelk feeding is likely due to a non-consumptive interaction with stars. Whelks raised in water previously exposed to stars fed less, grew less, and had less overall reproductive and digestive tissue, and star presence also modified whelks' feeding preferences. These effects occurred despite the fact that stars rarely consume whelks even in constrained laboratory settings that limit the potential of whelks to avoid consumption, just as they rarely consume them in the field (Sanford 1999) . Since the presence of stars reduces consumption in a predator that would otherwise consume mussels, the net impact of predators on this community is effectively re duced due to nonconsumptive interactions among these predators.
Results also suggest reduced feeding by whelks in the presence of stars may lead to decreased growth and reproductive capacity. By reducing reproductive tissue mass, the presence of stars may reduce reproductive output of individuals or limit reproduction in areas that maintain a standing population of stars. This suggests non-consumptive interactions among sea stars and whelks may have long-term impacts on both whelk and mussel population dynamics. Similar results have been observed in other systems (Nelson et al. 2004 , Pangle et al. 2007 , Peckarsky et al. 2008b . For example, the introduction of wolves to Yellowstone has been suggested to reduce reproduction in various prey (Creel et al. 2009 , Laporte et al. 2010 , including impacts precipitated to lower trophic levels through the threat of intraguild predation on coyotes (Berger et al. 2008 , Creel & Christianson 2009 ).
This study demonstrates the potential importance of non-consumptive interactions among predators and rarely consumed prey. Predominantly nonconsumptive interactions may be particularly important in communities with multiple predator species, with non-consumptive interactions influencing the effects of both species on prey and possibly explaining some emergent properties of multiple predators , Jiang & Krumins 2006 . Previous work has noted non-consumptive effects of predators 111 Fig. 2 . Consumption of mussels by whelks in tanks containing 0, 1 and 2 sea stars. The presence of sea stars reduces prey selectivity of whelks based on mussel size. Lines represent 95% confidence intervals may be overlooked when they cause changes in the same direction as consumptive effects (Peckarsky et al. 2008a) ; likewise, effects of non-consumptive inter actions among predators may be misinterpreted as resulting from competition in predator-removal experiments. Fully non-consumptive interactions should also be considered in communities that contain multiple prey species with similar evolutionary histories or in communities where predation risks differ among sites. Previous work suggests that although local adaptation may occur in prey responses due to predator presence (Storfer & Sih 1998 , Laurila et al. 2006 , Kishida et al. 2007 ), these responses may not precisely match current predation risk due to phylogenetic inertia (Espoz & Castilla 2000) , predator-induced migration , changes in predator exposure over time (Hoverman & Relyea 2007 , Ire land et al. 2007 ), or changing predation pressure among communities, suggesting a possible swamping-out of local adaptation or lack of graded response to risk (Escobar & Navarrete 2011) . Overall, these results demonstrate the importance of considering non-consumptive interactions among multiple species in determining the potential contribution of non-consumptive effects to total predator community impact.
Coupled with previous studies documenting direct predation by stars, our work suggests stars may operate as both keystone consumers and keystone intimidators in the intertidal, and that non-consumptive interactions may explain large portions of their community impact and that of other keystone predators. Our study extends previous studies demonstrating behavioral and morphological responses of prey to stars by demonstrating long-term impacts of star presence on both feeding and reproduction of another predatory species, suggesting non-consumptive inter actions may have long-term effects that are important to community dynamics. The importance of non-consumptive effects may be amplified by the relationship to predator density. Although studied at a small scale, our results suggest predator density had little effect on non-consumptive interactions and that the response to increasing predator density may be non-linear. Non-consumptive interactions may thus be an important mechanism through which small or fluctuating predator populations continually regulate community diversity.
Studying non-consumptive effects is inherently more challenging than studying direct effects of consumers. As a result, it is necessary to address potential methodological limitations. Although use of flowthrough systems and controls reduced the potential for water contamination to play a role in results while reducing variation among treatments due to wave action, local microclimate, or other factors (Menge et al. 1994 , Helmuth et al. 2006 , Broitman et al. 2009 ), the mesocosm nature of the study demands further work to determine if the strong non-consumptive effects we observed actually operate at scales that could lead to community impacts in natural settings. However, similar cues have been shown to have effects in turbulent marine and freshwater systems (Turner & Montgomery 2003 , Smee & Weissburg 2006 , Smee et al. 2008 , Urriago et al. 2011 ). Determining encounter rates for prey and mobile predators is also difficult. Stars are primarily subtidal and are normally only observed when they have been stranded between tides. Individuals or small groups of stars are often observed aggregating at local sites (J. S. Gosnell pers. obs.) and for these reasons we elected to consider the impacts of 0, 1, and 2 stars in order to simulate conditions that commonly exist in field conditions. However, it should be noted star density can vary greatly in the field and the experiment did not fully encompass this natural variation. Prey also should be given the ability to employ the full range of adaptive responses to predator presence, including behaviors such as movement and habitat switching that may be precluded by smallscale studies in the lab or field. Future studies should attempt to address the impact of star presence on various intertidal species to fully comprehend the impacts of non-consumptive interactions on intertidal community structure. Previous work has suggested responses to predators may be influenced by feeding history. Although this experiment demonstrated responses of whelks to stars that were consuming whelks, we have obtained quantitatively similar results in experiments where stars were fed mussels (data not shown).
Non-consumptive effects and consumptive effects of predators may operate simultaneously and have varying impacts on potential prey. Non-consumptive interactions may alter prey traits, including those of other predators, at multiple temporal scales, including immediate changes in behavior or activity and long-term changes in growth or reproduction. These effects may exist in the near-absence of consumptive interactions and may play an important role in community regulation by keystone predators. The existence of primarily non-consumptive interactions suggest that studies of predator impacts on multiple prey species may better elucidate the interactions among these effects and reveal the full impacts of predators on communities.
